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Laser-driven shock compression experiments and corresponding finite element method simulations are carried out to investigate the blueshift in the optical emission spectra under continuous laser excitation of a dilute composite consisting of 0.15% CdTe quantum dots by weight embedded in polyvinyl alcohol polymer. This material is a potential candidate for use as internal stress sensors. The analyses focus on the time histories of the wavelength blue-shift for shock loading with pressures up to 7.3 GPa. The combined measurements and calculations allow a relation between the wavelength blueshift and pressure for the loading conditions to be extracted. It is found that the blueshift first increases with pressure to a maximum and subsequently decreases with pressure. This trend is different from the monotonic increase of blueshift with pressure observed under conditions of quasistatic hydrostatic compression. Additionally, the blueshift in the shock experiments is much smaller than that in hydrostatic experiments at the same pressure levels. The differences in responses are attributed to the different stress states achieved in the shock and hydrostatic experiments and the time dependence of the mechanical response of the polymer in the composite. The findings offer a potential guide for the design and development of materials for internal stress sensors for shock conditions. The shock compression of highly heterogeneous materials such as particulate media results in dynamic response that is dominated by meso-scale processes whose conditions, especially states in the interior of the materials, are difficult to measure directly. There is a great need for stress sensing materials (SSM) that can provide time-resolved quantification of conditions inside the materials with no or as little intrusion as possible. Particle-level sensing in shock experiments requires the SSM to be small in size and possesses stress-dependent physical properties (e.g., optical properties) whose signal(s) can be captured and recorded as quickly as possible to achieve high temporal resolutions. [1] [2] [3] Traditional SSMs, such as strain gauges and piezoresistive/piezoelectric materials, can provide time resolutions down to the nanosecond scale but have spatial resolutions spanning an area of the sensor element of several millimeters. Hence, they are excellent for obtaining continuum-scale measurements representing the average response of a sample volume. Quantum dots (QDs), with diameters ranging from several to a hundred nanometers, exhibit unique optical properties due to the quantum confinement effect. 4 Their optical properties are reported to be pressure-dependent. 5, 6 Therefore, QDs can potentially be used for time-resolved stress sensing in the study of meso-scale particle-level responses in shock experiments. Although photoluminescence (PL) of QDs under hydrostatic compression has been widely studied, [7] [8] [9] less is known about their response under shock compression. In the present work, the optical response of nanocomposite films consisting of CdTe QDs and polymer polyvinyl alcohol (PVA) under laser-driven shock compression was investigated to seek the possibility of utilizing CdTe QDs as SSMs in shock experiments.
The QD/PVA composite was prepared with the method reported by Kang et al. 10, 11 The particular PVA used is Airvol 523. Under ambient conditions, the PL emission of the QDs shows a peak wavelength around 586 nm ( Fig. 1(c) for t ¼ 0), indicating the size of the QDs to be $3 nm. The concentration of the QDs in the PVA is about 0.15 wt. %. The sample shown in Fig. 1(a) is made by drop-coating a $30 lm thick QD/PVA composite film onto a glass substrate of 25.4 Â 25.4 Â 0.5 mm in dimensions. Shock compression experiments on the QD/PVA samples are performed with the laser-driven shock system developed by the Dlott group. 12, 13 The same experimental set-up reported in Ref. 14 is used, but the material arrangement of the samples is different. As depicted in Fig. 1(b) , an aluminum (Al) flyer plate is launched off of a 50 lm thick glass-Al foil with a spatially homogenized laser pulse. 15 The diameter of the launch laser pulse is about 700 lm, while the diameter of the central flat region is about 500 lm, of which only the 200 lm central region is probed. 15 The flyer plate velocity is controlled by the energy of the launch laser pulse and measured using photonic Doppler velocimetry (PDV). Emission of the QDs is induced by $250 ns pulses with a wave length of 527 nm from a Q-switched Nd:YLF excitation laser. 14 The emission spectra are detected at 0.5 ns time intervals using a streak camera. 12, 14 A typical time stream of emission spectra is shown in Fig. 1(c) . The sheet is used to generate flyers and the sample target includes large, uniform surfaces. After a flyer is punched out from the sheet by the laser beam for one shot, the sheet and the target are translated to a new, fresh region for the next shot for which a new flyer is generated and launched at new initial velocities (U f ) onto the target.
In conjunction with the experiments, the shock compression of the CdTe QD/PVA film is also analyzed using finite element method (FEM) simulations in order to quantify the distribution and evolution of the internal pressure in the sam- 18 is used to model the glass substrate. The QD/PVA film adhered on the glass substrate is impacted by the flyer with velocity U f which is determined from the PDV measurement. We focus on pressure distribution in the central region of the QD/PVA film with a diameter of 200 lm which corresponds to the laser illuminated region in the experiments. The FEM simulations are carried out using the commercial package Abaqus. Fig. 2 shows the velocity histories of the flyer plates as measured by the PDV in the experiments with different launch laser energies. The initial flyer velocities after launching range from 0.60 to 1.59 km/s. After contact between the flyer and the PVA film at t ¼ 0 ns, the PDV monitors the velocity U p of the flyer/PVA interface. All the velocity profiles in Fig. 2 show similar variation trends. Take U f ¼ 1.12 km/s for example, (inset in Fig. 2 ), the velocity drops precipitously from U f ¼ 1.12 km/s to U p1 ¼ 0.89 km/s within a time period of s drop ¼ 4 ns. The velocity U p1 is maintained for a duration of about 11 ns (denoted as s p1 ) before the deceleration stage starts. The existence of s drop is due to the tilt between and roughness of the impact surfaces. Data suggest the effects take place over approximately 4 lm. It can be seen that as U f increases from 0.60 to 1.59 km/s, U p1 increases from 0.49 to 1.29 km/s (as listed in Table I ).
The velocity profile from a simulation with U f ¼ 1.12 km/s is also plotted in the inset of Fig. 2 and shows agreement with the PDV data. The sharper decrease after the contact in the simulation is due to the fact that the contacting surfaces of the flyer and the QD/PVA film are assumed to be ideally smooth and parallel. In the simulations, the velocity stays at U p1 for a duration of approximately 15 ns, while the deceleration stage starts essentially at the same time as in the experiments. To illustrate how the shockwaves propagate in the flyer and target, a time-position diagram extracted from the simulations is shown in Fig. 3 . Several key time scales are worth noting. s s1ÀPVA ¼ 9:1 ns is the time for the initial shockwave to propagate from the flyer/PVA interface to the PVA/glass interface. s r1ÀPVA ¼ 5:8 ns is the time for the reflected shockwave from the PVA/glass interface to propagate back to the flyer/PVA interface. Reflecting these times, U p1 lasts for approximately 15 ns (s s1ÀPVA þ s r1ÀPVA ) before the first reflected wave in the PVA reaches the flyer/PVA interface. The round trip time in the flyer is about 20 ns Table I . The time stream of emission spectra for U f ¼ 0.6 and 1.12 km/s is shown in Figs. 4(a) and 4(b) , respectively. It can be seen that the emission intensity peak shifts from the initial wavelength of 586 nm towards the shorter wavelength region (blueshifting) after the onset of loading. CdTe is a direct band gap semiconductor with strong quantum confinement effect in nanometer size samples. As the QDs are compressed, the interatomic spacings and the size of the QDs in the direction of loading decrease, leading to increases in band gap energy and the blueshift of wavelength. 7, 9 Therefore, the blueshift can be used as an indicator and measure for the internal stress during shock loading. The emission spectra at different values of U f are processed using the method proposed by Brown et al., 12 to extract the average wavelength histories (kðtÞ). The blueshift histories are calculated as DkðtÞ ¼ kð0Þ À kðtÞ and plotted in Fig. 4(d) . Variations in the blueshift histories are rather complicated. Specifically, for U f ¼ 0.60 km/s, the blueshift increases to a maximum (Dk max ) of 8.9 nm at around 50 ns and then decreases gradually. The blueshift history for U f ¼ 0.89 km/s shows a similar trend, with a larger Dk max of 14.5 nm. However, as U f increases to 1.12 km/s, the blueshift first increases to Dk max ¼ 15.2 nm at about 30 ns and then decreases to 13.5 nm at about 48 ns; after that it increases again to a second maximum value (Dk 0 max ) of 18.5 nm at around 64 ns. As U f further increases to 1.59 km/s, blueshift histories show a variation trend similar to that for U f ¼ 1.12 km/s, but both Dk max and Dk 0 max decrease with U f . Apparently, U f ¼ 1.12 km/s is a critical velocity, below and above which the blueshift variation trend is different. Similar trends are observed with other samples of the same QDs/ PVA composition.
To understand the shock-induced blueshift response, the pressure distribution and evolution in the excited QD/PVA region from a simulation with U f ¼ 1.12 km/s is shown in Fig. 5(a) . At the early stage for each shot, the shockwave with constant pressure P s moves at shock velocity U s in the QD/PVA film, taking about s s1ÀPVA to traverse the film. The shock pressure and velocity in the film can be estimated from the famous Rankine-Hugoniot relation 12, 16 
where U p is the particle velocity which is measured with PDV in the experiment; q 0 is the density of the film material; and a ¼ 2.46 km/s and b ¼ 1.565 are constants obtained from the experiments. 16 The shock pressure (P s ) values calculated from Eq. (1) are listed in Table I . Alternatively, P s and U s are also obtained from FEM simulations and found to be very close to that calculated from Eq. (1). At t ¼ s s1ÀPVA when the excited region is in uniform pressure states, the blueshift D kðtÞ obtained from the shock experiments corresponds to the average blueshift of all the QDs at pressure P s . Therefore, the relation between blueshift (D kðtÞ) and shock pressure (P s ) can be obtained based on the experiment and simulation results at t ¼ s s1ÀPVA , which is plotted in Fig. 5(b) . The average pressure histories in the excited region under shock loading at different values of U f are plotted in Fig. 4(c) . During loading, the average pressure values increase to a maximum ( P max ) at times between 20 and 25 ns. It can be seen from Fig. 4(c) that P max increases monotonically with U f . After P max , the calculated average pressure decreases to 0 GPa within 100 ns.
For comparison, the emission spectra of the QD/PVA composite are also examined under quasistatic compression in a diamond anvil cell. The measured pressure-blueshift relation is also shown in Fig. 5(b) . The blueshift from the hydrostatic experiment increases monotonically to 35 nm as the pressure increases to 6.5 GPa. After that the PL fluorescence disappears, indicating a possible phase transformation of the CdTe QDs from zinc-blende to rock-salt structure. 9 It can be seen in Fig. 5(b) that the blueshift-pressure relation for shock compression is quite different from that for hydrostatic compression under quasistatic rate. The following salient points highlight the differences: (1) unlike the monotonic increase under hydrostatic compression, the blueshift under shock compression first increases to a maximum of 5.2 nm at 4.3 GPa and subsequently decreases to 1.6 nm at 7.3 GPa; (2) the maximum blueshift (about 18 nm) obtained for shock compression is smaller than the maximum blueshift (35 nm) observed for hydrostatic compression; (3) no obvious evidence of phase transformation is observed at the early stage (t s s1ÀPVA ) of the emission spectra, since fluorescence did not disappear suddenly; and (4) an analysis of the blueshift histories and pressure distribution indicates that the blueshift in shock compression as shown in Fig. 4(d) cannot be explained with a single blueshift-pressure constitutive relation. In other words, a velocity-or rate-dependent blueshift-pressure relation should be employed to predict the blueshift response of the QD/PVA composite under shock compression at different values of U f .
The differences between the pressure-dependent blueshifts from the hydrostatic compression under quasistatic conditions and shock compression can be attributed to different stress states the QDs experience in the two settings.
First, note that the emission spectrum of QDs is determined by their electronic band structure which is dramatically affected by the levels and triaxiality of the strain/stress states in the QDs. [19] [20] [21] Specifically, the blueshift of the QDs changes not only with the sign and level of the stress/strain in each of the three spatial directions but also with the ratios between the stresses/strains in the three directions. As illustrated in Fig. 5(b) , hydrostatic compression under quasistatic conditions and shock compression have very different stress/ strain ratios in the three spatial directions. The former has equal stresses/strains in all directions (ratios are unity). On the other hand, FEM simulations show that under shock compression conditions of uniaxial strain prevail in the overall QD/PVA composite sample in early stages. For such uniaxial strain conditions, additional unit cell calculations with a QD embedded in a matrix [ Fig. 5(b) ] reveal that the ratio between a QD's strain in the lateral direction ðe l Þ and the strain in the impact direction is e l =e i % À0:24, with e l > 0 (lateral dimensions increasing) and e i < 0 (longitudinal dimension decreasing). This ratio is quite different from the ratio of 1 for the hydrostatic case. Empirical tight-binding (ETB) calculations reported in a separate publication of blueshift for the CdTe QDs under the two sets of conditions show very similar trends as what is observed in the experiments and shown in Fig. 5 here. 22 Similar dependence band gap energy on strain state is also observed in experiments and simulations in CdSe QDs. 19 Second, when the QD/PVA composite is subject to impact loading, an instantaneous elastic compression is followed by a gradual relaxation due to conformational changes that continues to increase the local mass density around the QDs. 23 Based on the energy landscape model, 23 the twostage deformation of QD/PVA composite under shock compression in the nanosecond regime can produce non-uniform stress environments for the QDs. As a result, the nonhydrostatic stress state and non-uniform stresses contribute to the different trends in blueshift.
Third, the mechanical response of the PVA is ratedependent due to its unique microstructures. 24 This ratedependence can also affect the blueshift response of QDs at different U f as it changes the stress states and the timehistories of stresses in the overall material and the QDs. Fully dynamic full-field analyses accounting for this timedependence are underway to establish a fundamental relation between the blueshift, strain state of the QDs, and stress state of the matrix for shock conditions. In summary, the optical emission of CdTe QD/PVA composite under shock compression is investigated using laser-driven shock experiments, quasistatic hydrostatic compression, and FEM simulations. The composite film, consisting of polymer PVA (Airvol 523) and $3 nm CdTe QDs with concentration of about 0.15 wt. %, is impacted by laserlaunched Al flyers. The flyers shock the film with initial velocity ranging from 0.6 to 1.12 km/s, producing uniform pressures ranging from 2.0 to 7.9 GPa throughout the film at the early stage. Analysis of the emission spectra from the shock experiments reveals that the blueshift first increases to a maximum of approximately 5.2 nm at 4.3 GPa and subsequently decreases with pressure. This behavior is quite different from the blueshift response observed in hydrostatic experiments which shows monotonically increasing blueshift with pressure, up to 35 nm at 6.5 GPa. The mechanisms associated with the differences in the blueshift trends can be attributed to the different stress states, stress non-uniformity and time-dependence of the composite behavior. The results indicate that the blueshift of the CdTe QDs can be used as a means for obtaining measurements of local and select area stress/strain conditions in materials with nanosecond resolutions. However, it is important to recognize the stress/stain state dependent nature of the blueshift of the CdTe QDs and the effect of interactions between the QDs and the matrix material, such that material-specific and loading-rate-specific calibrations need to be carried in advance. To this end, the research reported here represents a first step for the CdTe QD/PVA composite and more research and analysis are needed to quantify and calibrate the response. In a broader sense, the development of other SSMs with simpler responses that are rate-independent may be desirable. For example, the use of matrix materials that are less ratedependent or time-independent may simplify the calibration needed.
